ABSTRACT A large fraction of the gas in the Galaxy is cold, dense, and molecular. If all this gas collapsed under the influence of gravity and formed stars in a local free-fall time, the star formation rate in the Galaxy would exceed that observed by more than an order of magnitude. Other star-forming galaxies behave similarly. Yet observations and simulations both suggest that the molecular gas is indeed gravitationally collapsing, albeit hierarchically. Prompt stellar feedback offers a potential solution to the low observed star formation rate if it quickly disrupts star-forming clouds during gravitational collapse. However, this requires that molecular clouds must be short-lived objects, raising the question of how so much gas can be observed in the molecular phase. This can occur only if molecular clouds form as quickly as they are destroyed, maintaining a global equilibrium fraction of dense gas. We therefore examine cloud formation timescales. We first demonstrate that supernova and superbubble sweeping cannot produce dense gas at the rate required to match the cloud destruction rate. On the other hand, Toomre gravitational instability can reach the required production rate. We thus argue that, although dense, star-forming gas may last only around a single global free-fall time, the dense gas in star-forming galaxies can globally exist in a state of dynamic equilibrium between formation by gravitational instability, and disruption by stellar feedback. At redshift z 2, the Toomre instability timescale decreases, resulting in a prediction of higher molecular gas fractions at early times, in agreement with observations.
INTRODUCTION
Beginning in 1970, radio observations of CO (Wilson et al. 1970) revealed the extent of the dense, cold, molecular gas in the Galaxy. Ferrière (2001) concludes that the molecular mass M m ≃ 2 × 10 9 M ⊙ , over 20% of the total gas mass. The supersonic velocity dispersions seen in the cold gas were quickly interpreted to be driven by gravitational collapse (Goldreich & Kwan 1974) , as the inferred temperatures and densities of the gas suggested that much of it is gravitationally unstable. The objection was raised by Zuckerman & Palmer (1974) that if that much gas formed stars within a free-fall time t ff = (3π/32Gρ) 1/2 ≃ (3.7 Myr)(n/100 cm
where the mean mass per particle µ m = ρ/n = 3.32 × 10 −24 g for molecular gas with a helium to hydrogen atomic ratio of 0.1 (neglecting the few percent by mass contributed by heavy elements), then the star formation rate would beṀ * = M m /t ff ≃ (540 M ⊙ yr −1 )(n/100 cm
more than two orders of magnitude higher than the observed value of 1-2 M ⊙ yr −1 (Licquia & Newman 2015, and references therein) .
This paradox led to intensive exploration of equilibrium models of molecular clouds, with support against gravity provided by some mechanism. Proposed support mechanisms have included magnetic fields until the onset of ambipolar diffusion (Mouschovias 1977) , or turbulence driven by protostellar jets (Nakamura & Li 2007) or ionization (Matzner mordecai@amnh .org, burkert@usm.lmu.de, ibanez@ph1.uni-koeln.de 2002). However observations of magnetic field strengths and configurations (Crutcher 1999) and column density contrasts (Nakano 1998 ) have ruled out magnetic equilibrium, while the demonstration by Brunt et al. (2009) that observed molecular cloud motions have the most power at the largest available scales argues against internal sources of turbulent driving.
Increasing amounts of evidence support the original interpretation of Goldreich & Kwan (1974) that molecular clouds are indeed gravitationally collapsing. The quick formation of stars across the Taurus cloud was used by Ballesteros-Paredes et al. (1999) to argue that only global gravitational collapse could synchronize star formation along the entire length of the cloud. Heyer et al. (2009) demonstrated that clouds observed with multiple tracers that could follow a broad range of surface density Σ have a dependence Σ ∝ σ 2 /r 1/2 on their velocity dispersion σ and radius r, as expected for either free-fall or virial equilibrium. Ballesteros-Paredes et al. (2011) argued that this indeed represents free-fall, noting that the difference in expected velocity magnitude is only a factor of 2 1/2 larger than would be expected for virial equilibrium. Numerical simulations by Ibáñez-Mejía et al. (2016) of the supernovadriven interstellar medium showed that external turbulent driving could not generate the observed velocity dispersion relations, but the action of self-gravity does reproduce those relations. (Dobbs et al. 2012 argue for a similar conclusion in many cases, while Padoan et al. 2016 draw the opposite conclusion from models with a higher supernova driving rate.) The observed inefficient star formation then remains a puzzle. Presumably, some form of stellar feedback disperses or destroys molecular clouds before they convert a large fraction of their mass into stars (e.g. Elmegreen 2000) . External feedback from superbubbles and field supernovae appears insufficient to perform this task (Ibáñez-Mejía et al. 2016) , so the feedback must come from within the clouds. Ionization (Matzner 2002 ) and radiation pressure (Murray et al. 2010) have been suggested for the largest clouds, while protostellar outflows may also contribute in smaller clouds (Matzner 2002; Nakamura & Li 2007) . Does feedback simply disperse the self-gravitating dense regions in molecular clouds, or does it destroy clouds entirely? The low ages of molecular cloud cores (< 2 Myr) derived from chemical abundances (e.g. Ohishi et al. 1992; van Dishoeck & Blake 1998) argue for destruction and reformation. If clouds are destroyed entirely, however, then new molecular gas must form quickly enough to explain the observed molecular fraction in galaxies. To quantify this argument, we can take cloud lifetimes to certainly be τ c ≥ 10 Myr. If we assume all molecular gas goes through the same formation and destruction cycle, we can balance the molecular cloud destruction rate against the cloud formation rate. If we take the minimum cloud lifetime τ c = 10 Myr, the molecular gas formation rate needs to be no more thaṅ
In this paper, we argue that clouds can indeed form as quickly as they must be destroyed, so that the continuity equation can be satisfied even if feedback entirely dissociates the molecular gas in star forming regions. Semenov et al. (2017) perform a more generalized analysis of the continuity equation to reach similar conclusions on how star formation proceeds using both analytic arguments and comparisons to a numerical model of a full galaxy.
In Sections 2 and 3 we examine whether sufficient gas can be swept up by either supernova remnants and superbubbles or Toomre (1964) gravitational instability to form new clouds at the rate that they must be destroyed to maintain the observed molecular gas fraction in the Galaxy. We find that the combination of supernova and superbubble sweeping is insufficient, but that gravitational instability can indeed form dense gas at the required rate. This is consistent with observed clouds being in a state of hierarchical gravitational collapse. In Section 4, we explore the implication for galaxies over cosmic time, showing that the expected shortening of the instability time scale in young galaxies with high surface densities should then lead to higher dense gas fractions, in agreement with observations. Finally, in Section 5, we summarize.
SUPERNOVAE
Can supernovae sweep up dense gas fast enough to form clouds at the required rate? If we take a canonical time between Milky Way supernovae of τ SN = 40 yr (Tammann et al. 1994) , that would require that each supernova sweep up
We therefore attempt to estimate how much gas supernovae or superbubbles can compress to the required densities. We note that the molecule formation time (Hollenbach & Salpeter 1971) 
Thus densities of order 1000 cm −3 must be reached to form molecules in a time comparable to the lifetime of the supernova shell.
We start by making the optimistic assumption for sweeping up clouds that every supernova explodes in gas of the mean density in the disk, with number density n = 1 cm −3 . This ignores concentration of gas in dense clouds. We further assume that they sweep gas up into a shell until they reach a velocity similar to the background velocity dispersion of 10 km s −1 . However, not all the atomic gas swept up by the shock will be dense enough to become molecular. A plausible requirement for interstellar gas with an average density of 1 cm −3 and temperature of around 10 4 K to reach the required density of ∼ 1000 cm −3 is that the supernova shock compress the gas by a factor of ten in an isothermal shock, followed by cooling from T = 10 4 K to 10 2 K, producing another factor of hundred compression. Since isothermal shocks compress the shocked gas as the square of the Mach number M 2 , this requires that the shock be traveling at M = 10 0.5 . If we take the background sound speed to be 10 km s −1 , this implies a minimum velocity of v cr = 10 1.5 km s −1 for molecule formation.
Adiabatic
A supernova blast wave in the most optimistic case with interior radiative cooling neglected will expand to a radius of
(6) (Ostriker & McKee 1988 ), where we have assumed the mean mass per particle µ a = ρ/n = 2.11 × 10 −24 g appropriate for neutral atomic gas, again with helium to hydrogen atomic ratio of 0.1. The velocity of the remnant is then by differentiation
Thus, under the stated assumptions, we find that the expanding shell will drop below the critical velocity v cr at a time t = 1 Myr, having swept up a mass M SN = 5.2 × 10 4 M ⊙ , still comfortably above the required amount given in Equation 4.
Radiatively Cooled
However, this estimate neglects radiative cooling of the supernova remnant interior. Cioffi et al. (1988) derived an offset power-law for expansion of a radiatively cooled remnant into a uniform medium,
where 
and Z is the metallicity relative to solar. Using this model, with the same density as above of n = 1 cm −3 , the velocity reaches v cr = 10 1.5 km s −1 at a time of 0.387 Myr and a radius of 42.5 pc, sweeping up a mass of M SN = 1.02×10 4 M ⊙ , now just barely exceeding the required value of 8 × 10 3 M ⊙ (Eq.
[4]).
Clustering
Supernova explosion locations are not, however, random, as roughly 60% of core-collapse supernovae occur within OB associations (Cowie et al. 1979; de Avillez 2000) . This clustering results in the formation of superbubbles that can vent substantial portions of their energy into the galactic halo from the disk. As a result, core-collapse supernovae do not typically encounter gas close to the average disk density of n = 1 cm −3 , but instead explode within the low-density interiors of superbubbles. Note that, although stellar winds are important during the first few megayears of expansion, their integrated energy is only ∼ 10% of the total supernova energy (cf. right panel of Figure 2 in Shull & Saken 1995 
far less efficiently than isolated supernova remnants. We can compute the final swept-up mass as a function of the critical velocity by computing the time t cr at which the superbubble expansion velocity
drops to v cr , and substituting back into Equations (13) and (14). Dividing by N SN allows direct comparison to the required value of mass swept up per supernova explosion: 
The scale of t SB was chosen to be the typical lifetime of an 8 M ⊙ star, likely the smallest star to explode as a supernova (Shull & Saken 1995) . The required value of the mass swept up per supernova exceeds by more than an order of magnitude that produced by the small cluster chosen here for scaling. However, the mass per supernova does depend on N 1/2 SN , so larger clusters could perhaps sweep up sufficient mass. This is ultimately limited by the thickness of the galactic disk, since a superbubble growing much larger than a scale height H will blow out of the disk, venting the energy of all further supernovae to the halo, and only expanding within the disk plane at velocities far below v cr . The largest amount of mass swept up per supernova is by a superbubble whose velocity just drops to v cr at a scale height. We can compute N SN for such a superbubble by first computing the time t H at which a superbubble reaches R s = H, and then substituting those values into Equation (15) 
Substituting this maximal value of N SN into Equation (16), we find a swept up mass per supernova of 782 M ⊙ for the typical parameters chosen for scaling, still a full order of magnitude below the required value of 8 × 10 3 M ⊙ (Eq. [4]).
Other Evidence
Indeed, both observations and numerical simulations support the idea that neither supernovae nor superbubbles can sweep up enough mass to explain the required formation rate of molecular clouds. Dawson et al. (2013) showed that only ∼ 10% of the molecular mass in the Large Magellanic Cloud was formed as a result of sweeping by supergiant shells. Simulations of supernova-driven turbulence in a representative section of a stratified galactic disk by Joung & Mac Low (2006) came to a similar conclusion. Neglecting the action of self-gravity on the gas, they found that only 10% as much gas was swept up into regions able to gravitationally collapse as would have been required to maintain the star formation rate implied by the input supernova rate.
TOOMRE INSTABILITY
Therefore, we now turn to large-scale gravitational instability in disks (Safronov 1960; Toomre 1964; Goldreich & Lynden-Bell 1965) , which offers an alternative mechanism to assemble gas dense enough to form molecules. Galactic dynamics appears to be driven by such instabilities, which at the largest scales drive spiral arm formation (Agertz et al. 2009; Wada et al. 2011) . When these instabilities grow strongly enough because of gas infall or galaxy mergers they lead to the formation of giant clumps (Li et al. 2005) in what is called violent disk instability (Dekel et al. 2009; Agertz et al. 2009 ). (Those clumps may well themselves collapse into clusters of small clumps as shown by Behrendt et al. 2016.) That molecular clouds can form more quickly by gravitational instability than collisional agglomeration was shown by Elmegreen (1990) , despite their apparently having the same dependences on density and velocity dispersion.
The Toomre instability criterion for gaseous disks (Goldreich & Lynden-Bell 1965) is
where Σ g is the surface density of the gas, σ g is its velocity dispersion including both thermal and nonthermal components, G is the gravitational constant, and κ 2 = −4ωB is the square of the epicyclic frequency, with Oort's constant
In a galaxy with a flat rotation curve, the second term in B can be neglected. In this case, κ = ω √ 2, so that
The timescale for growth of a perturbation in an isothermal gas disk can be expressed in terms of Q g as (Wang & Silk 1994) 
At the solar circle, with r = 8 kpc, the rotational velocity ωr = 220 km s −1 , dropping only slowly to 170 km s −1 at a Galactic radius of 60 kpc (Xue et al. 2008) . Thus, the epicyclic frequency κ = 1.26 × 10 −15 s −1 , and the growth time τ g = f (Q)κ −1 , where κ −1 ≃ 25 Myr, and f (Q) is a function of Q with a value of order unity. If the diffuse gas with mass M d ∼ 4M m (Ferrière 2001) forms into molecular clouds on the Toomre timescale, then the molecular gas formation rate would beṀ
If the molecular gas is being dispersed on a timescale of order 10 Myr, this formation rate can replenish it at more than the required rate given in Equation (3)-.
VARIATION WITH REDSHIFT
We now consider how the timescale for molecular gas formation by gravitational instability varies with redshift. The Toomre timescale τ g ∝ ω −1 . The disk angular velocity of a galaxy ω can be characterized by its value at the exponential scale length of the disk ω(R d ) = V c /R d , where V c is the roughly constant circular velocity of the disk and halo.
The disk scale length can be expressed as Mo et al. (1998) to be
where j d and m d are the fractions of total halo angular momentum and mass in the disk, λ the spin parameter of the halo, which compares the actual angular speed of the halo to that required for centrifugal support, and R 200 is the radius at a density of 200 times the critical closure density of the universe, roughly the halo boundary (Bertschinger 1985) . However, halos at higher redshift have smaller radii (Mo et al. 1998 )
where the Hubble parameter as a function of redshift
The parameters H 0 , Ω M,0 , and Ω Λ,0 are the present day values of the Hubble parameter, and the total matter density and cosmological constant normalized by the critical density for closure. The relationship between disk and halo radius depends on λ, j d , and m d , none of which appear to have strong redshift dependence. The spin parameter λ of disks with 0.8 < z < 2.6 has been measured to have a log-normal distribution around λ = 0.035 ) with a dispersion of only 0.2 in the log and no redshift dependence. This is entirely consistent with the value predicted for dark matter halos by simulations (Bullock et al. 2001; Hetznecker & Burkert 2006) . For galaxies on the star formation main sequence Burkert et al. (2016) find typical values of m d = 0.05 and j d = 1, independent of redshift. The agreement between disk and halo angular speed furthermore implies that j d is roughly constant, a conclusion also supported by the success of models making this assumption (e.g. Mo et al. 1998) , and consistent with modern numerical simulation results (e.g. Übler et al. 2014) . It is worth noting clearly that no fundamental reason for this agreement has yet been identified, as it occurs as a result of competition between the different angular momentum transfer mechanisms. The disk mass fraction m d appears to be mass dependent, but Mo et al. (1998) assume no variation with redshift.
We can therefore conclude that the redshift dependence of the Toomre timescale τ g for a halo of given mass is contained in the halo radius variation given by equation (23). Substituting from that equation into equation (22) gives
Thus, the angular velocity of the disk
As the Hubble parameter increases at higher redshift, the Toomre timescale thus declines as τ g ∝ 1/H(z). At redshift z ∼ 2, the formation timescale for molecular clouds from gravitational instability τ g has already declined by a factor of about three because of this effect. The destruction timescale might remain constant, as might be expected if it were primarily determined by small-scale feedback processes, or it might increase as gravitational instability occurs more strongly. Either way, one reaches the conclusion that there should have been a higher fraction of molecular gas at earlier times.
Observations of high-redshift galaxies in CO show molecular gas masses that are 0.15-0.5 of the total baryonic mass at z = 1 and 0.3-0.8 at z = 2 (Tacconi et al. 2010) . These high ratios leave little possibility for substantial masses of atomic gas without violating dynamical constraints on the total baryonic mass (Daddi et al. 2010) , thus implying high molecular gas fractions even in the absence of explicit measurements of atomic gas, consistent with our conclusion.
SUMMARY
We have considered the implications of the rapid formation of molecular gas in gravitationally collapsing molecular clouds. To prevent the rapid formation of all available gas into stars, on timescales much shorter than observed gas depletion times, clouds must be destroyed rapidly after they begin to collapse. This then raises the question of how the observed molecular gas fraction in galactic disks is maintained. We have shown here that isolated supernovae in average density gas can just barely sweep up enough molecular mass, but that the correlated locations of most core-collapse supernovae reduces their efficiency by an order of magnitude or more. Summing over the full population suggests that supernovae cannot explain observed molecular mass fractions. On the other hand, Toomre gravitational instability can indeed assemble dense gas quickly enough to maintain observed molecular gas fractions. Toomre instability is expected to become even stronger at higher redshift, predicting higher molecular fractions at high redshifts as a general consequence, in agreement with observations. Thus, a fast cycle of gas collapsing to star-forming densities by gravitational instability followed by quick dispersal from stellar feedback appears consistent with observations of molecular gas.
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